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ABSTRACT

Direct imaging of surface molecules and the interfaces between soft and hard materials on functionalized nanoparticles is a great challenge
using modern microscopy techniques. We show that graphene, a single atomic layer of sp2-bonded carbon atoms, can be employed as an
ultrathin support film that enables direct imaging of molecular layers and interfaces in both conventional and atomic-resolution transmission
electron microscopy. An atomic-resolution imaging study of the capping layers and interfaces of citrate-stabilized gold nanoparticles is used
to demonstrate this novel capability. Our findings reveal the unique potential of graphene as an ideal support film for atomic-resolution
transmission electron microscopy of hard and soft nanomaterials.

The interfaces between soft and hard materials (soft-hard
interfaces) have attracted great interest throughout the
scientific community. For example, nanoparticles coated with
molecular layers can self-assemble into novel structures1-12

that are envisioned for use in sensors, photonics, and
electronics.5 The nature of these molecular coatings, such
as chemical “patchiness”,3-5 can dictate self-assembly, and
thus more detailed analysis of these soft materials is needed.
However, surface molecules and their interfaces with nano-
particles cannot be clearly imaged at the atomic-scale using
current microscopy techniques.

It has been shown that transmission electron microscope
(TEM) imaging of functionalized nanoparticles is feasible,6-9

but in even the most recent study, it was not possible to
observe molecular surface layers and soft-hard interfaces
at the atomic level.13 Aberration-corrected TEMs can attain
subangstrom resolution at low accelerating voltages.14,15 Such
microscopes can produce atomic-resolution images of na-
nomaterials without rapid electron beam damage that occurs
at higher accelerating voltages. However, conventional TEM
support films, such as ultrathin amorphous carbon, which
still has a thickness of 2-3 nm, limit the capabilities of these

advanced microscopes because they contribute to overall
electron scattering and diminish the contrast of low-atomic-
number specimens.14 TEM imaging of molecular coatings
therefore requires improved support materials showing lower
dynamical interference with an imaging object.

Graphene has been proposed as an ideal TEM support.14,15

It is atomically thin, chemically inert, consists of light atoms,
and possesses a highly ordered structure. Additionally, the
material is electrically14 and thermally conductive,16 as well
as structurally stable.17 These remarkable properties have
enabled the detection of hydrogen atoms and carbon adsor-
bates on a graphene sheet in a conventional TEM.14 As
demonstrated here, the TEM imaging of molecular layers
and interfaces between hard and soft materials can be
achieved using graphene.

The graphene membranes used in the present studies were
synthesized using the substrate-free gas-phase method.18

Graphene sheets were sonicated in ethanol to form a
homogeneous suspension. Citrate-capped gold nanoparticles
(BBI Inc., 10 nm average diameter) were introduced into
the suspension, which was then shaken by hand for 30 s to
form a dispersion of nanoparticles and graphene. A drop of
the suspension was deposited onto a Cu TEM grid with a
lacey carbon support, which was air-dried prior to TEM
characterization. A typical low-magnification image, obtained
using a conventional TEM (Zeiss Libra 200 FEG, 200 kV
accelerating voltage), revealed that the nanoparticles were
exceptionally well-dispersed on the graphene supports, which
were typically folded and overlapping (Figure 1). Single-
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layer, bilayer, and few-layer sheets were created during the
synthesis process,18 and nanoparticles were observed on each

of these species during experiments. TEM characterization
at higher magnifications was carried out on nanoparticles
that were located near the edges and planar areas of graphene
sheets (Figure 2a). Sheet edges were visible at a defocused
condition of -150 nm, and an intensity profile (Figure 2b)
taken along the dashed line in the image showed bright
contrast contributed by the edges of the nanoparticle,
graphene support, and the amorphous lacey carbon film.
Despite its visibility, the graphene membrane exhibited a
much lower contrast variation than the amorphous support.
The graphene sheet became nearly indistinguishable from
the vacuum in an image of the same region that was taken
at a focused condition (Figure 2c). The intensity profile
(Figure 2d) showed that the vacuum and graphene had similar
intensities, while the contrast of the nanoparticle and
amorphous support were still clearly observable. The notice-
able blurred and undulating features around the nanoparticle
(inset of Figure 2c) indicate the presence of the citrate
coating, which was detected because the graphene support
was nearly electron-invisible. Although the interface between
a nanoparticle and its capping layer was detectable in this

Figure 1. A low-magnification TEM image of gold nanoparticles
coated with citrate on synthesized graphene sheets. Scale bar
represents 50 nm.

Figure 2. Graphene an invisible support in conventional TEM. (a) A high-magnification defocused image of a nanoparticle near the edge
of a graphene sheet. The arrows indicate the edges of the sheet. The image was obtained in a TEM with a spherical aberration of 2.2 mm.
The numbers 1, 2, 3, and 4 on the dashed line indicate the regions corresponding to the nanoparticle, graphene sheet, vacuum, and amorphous
carbon support, respectively. Scale bar represents 10 nm. (b) An intensity profile obtained along the dashed line in the defocused image.
The intensity spikes are due to the edge contrast of the nanoparticle, graphene sheet, and amorphous carbon. (c) The same image taken at
a focused condition. (Inset) A gold nanoparticle coated with citrate molecules. (d) The corresponding intensity profile of the focused image.
The graphene support and the vacuum have a similar profile.
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conventional TEM image, atomic-resolution imaging is
required to study these soft-hard interfaces.

An aberration-corrected transmission electron microscope
(TEAM 0.5) operating at an accelerating voltage of 80 kV
with a monochromated electron beam was used to obtain
atomic-resolution images. A TEAM 0.5 image of a nano-
particle located near the edge of a graphene sheet is shown
in Figure 3a. The hexagonal lattice of carbon atoms in the

graphene support and the atomic columns in the cubocta-
hedral gold nanoparticle are easily seen. More importantly,
the citrate coating and the citrate-gold interface are also
clearly visible. To the best of our knowledge, this is the first
direct atomic-resolution image of the surface molecules and
interface on a nanoparticle.

The reflections of the gold nanoparticle and graphene sheet
were identified through fast Fourier transformed (FFT) digital

Figure 3. Atomic-resolution imaging of the gold-citrate interface. (a) An atomic-resolution image of a gold nanoparticle and its surrounding
citrate capping agent. Scale bar represents 2 nm. (b) Digital diffractogram of the graphene membrane taken from the region indicated by
the solid box in the TEM image. (c) Digital diffractogram taken from the region indicated by the dashed box. Arrows 1 and 2 note reflections
corresponding to graphene and gold, respectively. (d) An intensity profile taken along a line between the points X and Y in the TEM image
(line width 50 pixels). (e,f) Enlarged intensity profiles from the gold and citrate regions, respectively.
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diffractograms obtained from different regions in the atomic-
resolution image. An FFT of the graphene sheet, taken from
the area indicated by the solid box in Figure 3a, exhibited
hexagonal spot patterns that are characteristic of graphene
(Figure 3b). Using the Miller-Bravais indices (hkil) for
graphite, the inner hexagon corresponds to indices (1-110)
and the outer hexagon corresponds to (1-210), which have
lattice spacings of 2.13 and 1.23 Å, respectively. Hexagonal
spots corresponding to both the gold nanoparticle and
graphene support were clearly distinguishable in a digital
diffractogram taken at the center of the nanoparticle, which
is indicated by the dashed box. As shown in Figure 3c, the
nanoparticle exhibited a strong reflection corresponding to
1/3{422} in reciprocal space, which has a 2.5 Å spacing,
and the spots had characteristic relative angles of 60°.19 Spots
corresponding to [111] gold were also visible, such as the
(220), (113), and (133) reflections, which have lattice
spacings of 1.44, 1.23, and 0.93 Å, respectively. The rotation
angle between the nanoparticle and graphene support was
about 25 degrees obtained from the digital diffractogram of
Figure 3a.

The atomic spacings in the gold nanoparticle and its
surrounding citrate coating were determined through an
intensity profile taken along a line connecting the points X
and Y in Figure 3a. The profile corresponding to the
nanoparticle revealed an average atomic spacing of 2.5 Å
(Figure 3e), which confirms the FFT results. The citrate
molecules on the nanoparticle were estimated to be 2-3
layers thick, and exhibited a spacing of 3.0-3.5 Å between
layers (Figure 3f).

Invisibility of the graphene support was achieved by
subtracting the periodic contrast of the carbon atoms in the
graphene sheet in Fourier space. By masking the graphene
reflections from a digital diffractogram of the entire imaged
region (inset of Figure 4a), the atomic contrast of the
graphene honeycomb lattice was removed and an enhanced-
contrast filtered image of the gold nanoparticle and citrate
molecules was obtained (Figure 4a). The atomic columns in
the nanoparticle exhibited noticeable contrast variations in
both the intensity profile (Figure 3e) and in the filtered image

(Figure 4a), possibly due to nonuniformity in the citrate
coating and interference with low atomic occupancy of
columns at the nanoparticle perimeter. The crystalline
structures of the graphene support and gold nanoparticle also
enabled the isolated imaging of citrate. A filtered image of
the citrate layers (Figure 4b) was obtained by removing both
the graphene and gold reflections (inset of Figure 4b).

In conclusion, a graphene support enables direct imaging
of organic molecules and interfaces with nanoparticles at a
level previously unachievable. Such imaging capabilities can
elucidate the properties of these surface layers and soft-hard
interfaces, and provide scientists conducting theoretical
studies with the experimental data for comparison. The
atomic-resolution imaging demonstrated in this report can
be used to directly observe nanoparticles functionalized with
a diverse range of molecular coatings, such as DNA, proteins,
and antibody/antigen pairs.5 The detailed fine structure of
the coating could be resolved by going to even lower
microscope high-tensions and/or much lower temperatures,
since the electron irradiation at 80 kV still results in specimen
motion. We suggest that graphene can potentially become
widely used in the TEM characterization of organic and
inorganic nanomaterials.
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